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Abstract
The realistic shear wave velocity model is one of the most important parameters that affect
numerical modeling of earthquake ground motions. In the present paper, the reliability of the shear
wave velocity models is investigated through linear FEM numerical modeling at five seismic downhole
arrays in Japan. Linear numerical FEM modeling results provided by input parameters of shear wave
velocity models estimated from a suitable Vs - N(SPT) relationship show good agreement with the
observed ground motions in both time and frequency domains, whereas results provided by the input
parameters of shear wave velocity models obtained from field PS logging measurements (Vs-PS) do
not fit the observed motions. Shear wave velocity contrast between Vs-N(SPT) and Vs-PS models at
each seismic downhole array site varies with different lithological formations. Coarse grain sediments
show significant velocity contrast between Vs-N(SPT) and Vs-PS models. This contrast is interpreted as
uncontrolled mechanical performance of these coarse grain ediments, such as collapse of the borehole
wall. Consequently, the estimation of the shear wave velocity is affected during PS logging
measurements, which in turn yield misleading results in ite response analyses. The velocity contrast
also decreases with depth due to increasing confining pressure at the bottom layers.
Key-words: Shear wave velocity, PS logging, Vs-N(SPT) relationships, Finite element method
simulation.
1. Introduction
umerical methods for site response analyses depend
on many parameters that could affect earthquake ground
motions. One of the most effective parameters is the shear
wave velocity. Estimating the shallow shear wave velocity
model can be an important component of site response
analyses of ground motions (Borcherdt and Glassmoyer,
1992; Anderson et aI., 1996).
The propagation properties of S-waves are sensitive to
conditions of density and the rigidity of the formations. In
some case studies, borehole walls for some coarse grain
layers collapsed due to stress release in the borehole.
Consequently, the estimation of the shear wave velocity is
affected during PS logging measurements, which in turn
yield misleading results in site response analyses.
Therefore, it is important to investigate the reliability of
shear wave velocity models through nurllerical methods in
order to make confident evaluations of earthquake ground
motions at a site.
The standard penetration test (SPT) is the most widely
used in situ test and sampling device in geotechnical
analyses. The SPT is a powerful indicator of soil
consistency, so that every geotechnical change, even those
inside the same lithological layer, appears very clearly in
the N-value log. Various studies have shown that shear
wave velocity strongly corresponds to the N-vaJue, as
shown in Table 1. In the present study, the shear wave
velocity obtained from PS logging measurements (Vs-PS)
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Table I Vs-N(SP7) relationships
Autbor Soil Type Vs(mls)
Kanai, et. al.(l966) All Vs=19 NO.6
Ohba & Toriuma (1970) Alluvial Vs=85 NO.31
lmai (1977) All Vs=9l 0.337
Ohta & Goto (1978) All Vs=85 N0.348
Ohta & Goto (1978) Sands Vs=88 NO.34
Seed & Idriss (1981) All Vs=6l NO.5
Imai & Tonouchi (1982) All Vs=97 NO.314
Seed, et. al. (1983) Sands Vs=56 NO.5
Okamota. et. al. (1989) Dilluvial Sands Vs=125 NO.3
Jafari, et. al. (1997) All Vs=22 NO.85
Holocene Clay and silt Vs=63.973 NO.191 nO.266
Sand Vs=73.114 NO.208 DO.199
Pathak, et. al. (2000)
Gravel Vs=46.559 N0.431 0°. 107
Pleistocene Clay and si It Vs=39.628 N0.327 DO.258
Sand Vs=107.642 NO.135 nO.ln
Gravel Vs=90.365 NO.117 00.496
Holocene Clay FG = 1
I I FA = I Fine sand FG= 1.086
I Lo Presti & Lai 1989 Medium sand Fa = 1.066 Vs =68.79. NO. 17l. DO.199. FA' F G
I Pleistocene Coarse sand FG = 1.135
I I FA = 1.303
Sand & Gravel FG = 1.153
Gravel FG= 1.448
and the shear wave velocity determined from Vs-N(SP1)
relationships (Vs-NconJ were used as input soil profiles in
linear numerical site response analyses at five seismic
downhole array sites in Japan, which are the Kushiro,
Naha, Toyama, Nagoya-sorami, and Akita array sites
(Fig. I ). The site response resul ts were obtained and were
compared in time and frequency domains, and the
reliabilities of these shear wave velocity models were
determined.
2. Data and analysis methods
Detailed geological and geotechnical logs were
collected at five seismic downhole array sites in Japan
(Fig. 2) to validate the shear wave velocity profiles used as
input parameters in the numerical site response analyses.
These data were presented by the Port and Airport
Research Institute. These detailed geotechnical logs can be
considered to be composed of two methods depending on
the focus of the study. The first method provides the shear
wave velocity obtained directly from PS logging
measurements. The second method provides the detai led
N-values profiles. These soil profiles are shown for the
abovementioned five sites in Fig. 2.
The ground motions observed at the installation
depths of seismographs for each vertical array site are
shown in Table 2. We first searched for the crustal velocity
structures beneath each site. For the Toyama and Nagoya-
sorami sites, we applied the crustal velocity structure of
Watanabe (1980). For the Kushiro, Akita, and Naha sites,
we applied the crustal velocity structures of Koketsu
(2003), Hasegawa (l978), and Spudich and Orcutt (1980),
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Fig. 1Location map for the five seismic downhole array sites accompanied with ground motions
epicenters that investigated in this study; triangle is an array site, and star is an event.
respectively. Since our focus is on S-waves only, the
incident angle at the surface of the shear wave for each site
was calculated by applying Snell's law using the crustal
shear wave velocity structures beneath each site along with
the shear wave velocity structures from PS logging
measurements at each site. As shown in Table 2, the
incidence angles at the surface are nearly vertical.
Therefore, the vertical seismic wave propagation is
assumed to be due to the seismic impedance between the
layers. In the present study, we used the seismic phases
starting from the onset of S-waves of the horizontal
components only, because the present purpose is to focus
on the reliability of shear wave velocities.
In the present paper, the following steps have been
performed for each site.
o Checking the N-value log for each site. N-values were
measured as the number of blows that penetrated to a
depth of 30 em. This process of measurement was
repeated every 1 m of drilling. Some layers have N-
values of less than 50 with a penetration depth of 30 em,
while other layers have N-values of ~ 50 with a
penetration depth of less than 30 em. Therefore, layers
that have N-values of ~ 50 are considered to
underestimate the real N-values.
o Converting linearly to find the appropriate N-values from
the saturated N-values (N;",) that are ~ 50, while N-values
less than 50 are kept without conversion. As explained
previously, N-values were measured as the number of
blows that penetrated to a depth of 30 em, which is the
standard penetration depth for measuring N-val ues. In
cases of 50 N-values with a penetration depth of less than
30 em, we extrapolate the N-values to determine the real
N-values at a penetration depth of 30 em. The result from
this step is a converted N-value log (Nconv).
o Determining shear wave velocities for the converted N-
value soil model (Vs-Nconv ) using all Vs-N(SPT)
relationships shown in Table 1.
o Obtaining the shear wave velocity model directly from
PS logging data (Vs-PS).
o Carrying out linear numerical analyses using all Vs
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Fig. 2 OrigiJ1al soil profiles, PS loggmg and Spy N-value at five vertical array sites.
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Table. 2 Ground motions used in the study
Depth Epicenter Incidence
Site Origin time Lat. Long. Mag.
(Km) (Km) angle
Naba 1994/04/28 15:44 26°33.1 ' 127°39.1' 57.0 4.1 33.6 89.6°
Kushiro 1992/11/3009:20 42°52.6' 144°46.6' 57.6 4.9 36.4 89.0°
Toyama 2000/06/0706:16 36°50.2' 135°33.0' 22.l 6.2 139.3 88.4°
Nagoya-soranti 2005/12/24 11:01 35°13.8' 136°50.4' 43.0 4.8 19.4 89.1°
Akita 2002/10/2505:00 39°49.0' 139°57.7' 20.0 4.5 12.2 88.9°
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models as input parameters in the AMPLE2000 code
program. AMPLE2000 (Pestana and Nadim, 2000) is a
dynamic analysis code based on the one-dimensional
finite element method. AMPLE2000 was used because of
its simplicity in application and the accuracy of the
numerical procedure that was evaluated by comparing the
predicted response with the analytical response. The
program uses a finite element formulation with linear
elements to describe the shear beam response. The
analysis of dynamic response (i.e., site response analysis)
using the finite element method requires the solution of
the global dynamic equation of motion given by the
following equation in matrix form:
[M ]{i,i} + [C]{Li} + [K]{u} =p(t) (1)
where [M], lC], and [K] are the global mass, damping, and
stiffness matrices for the assemblage of elements,
respectively, {ii}, {Li}, {u} are the relative nodal acceleration,
velocity, and displacement vectors, and Pct) is the load
vector, which for base excitation can be written as:
P(l) = -[M]{!}iiK(t) (2)
where {I} is the identity (i.e., column) vector and iigCt)
is the input base acceleration time history. It is important to
note that the input ground motions that are used for finite
element imulations at each site are the observed
underground motions that were recorded for each site at
specific installation depths (see Fig.2). All linear
simulations were performed using AMPLE2000. In linear
analysis the soil is assumed to be a linear inelastic material
with properties controlled by the shear wave velocity, Vs,
or small strain shear stiffness, C mnx Recent experimental
evidence suggests that damping is not zero at small strains
(i.e. y < 10'4%). According to typical curves of damping
ratio versus strain amplitude for cohesi ve soils, an average
damping ratio of I % is typical at small strains (after Erdik,
1987). The damping factor applied in the current analysis
is equal to 1%, because the present analysis is a linear
analysis. The stress-strain behavior is defined as follows:
d1: = C *dy (3)
where T is the shear stres , C is the current shear
modulus (= C max ) and d y is the shear strain increment.
• The calculated ground motions were shown by the
behavior in both the time and frequency domains. Fourier
spectra were calculated by applying a Hanning smoothing
window. The data time window of the Fourier spectra
were selected as the S-waves part in the records .
• Comparing the observed and the calculated surface
ground motions.
3. Site Response Results
Comparisons have been made between the observed
ground motions and the calculated motions that resulted
from using Vs-PS and Vs-Nconv models.
3.1. Kushiro array site
The lithology at this site is dominated by sand (Fig.
2a). Thin silt and gravel layers are intercalated with the
sand layers. Sand layers below a depth of 50 m are stiffer
than sand layers above a depth of 50 m, as indicated in the
-value log. The N conv . model adopted during linear
calculation is shown in Fig. 3.
The observed peak ground acceleration of EW
component is 28.0 cm/s2, whereas the peak ground
accelerations from the motions calculated using Vs-PS and
Vs-Nconv. models (Fig. 4) are 16.0 and 24.0 cm/s 2 ,
respectively (Fig. 5). For the NS component, the observed
peak ground acceleration is 14.0 cm/s2, whereas the peak
ground accelerations from the motions calculated using the
Vs-PS and Vs-Nconv. models are 11.0 and 14.0 cm/s2 ,
respectively (Fig. 5).
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The manually selected S-waves onset time for the
observed surface horizontal components is 4.7 seconds.
Therefore, the data time window that was selected for the
Fourier spectra analysis starts from 4.50 sec. to 14.74 sec.
considering the possible elTors in the manual selection of
the S-waves onset time. Figure 6 shows a comparison
between the observed and calculated Fourier spectra. The
Fourier spectra calculated using the Vs-PS model for both
EW and NS components underestimate the observed
Fourier spectra in the frequency band <15 Hz (Fig. 6a),
while the motions calculated using the Vs-N
conv. model are
in good agreement with the observed spectra, as shown in
Figs. 6(b) and (c). The estimated shear wave velocity
structures are shown in Fig. 4.
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Fig. 3 Converted SPT N-values at Kushiro array site. Fig. 4 Estimated shear wave velocity profiles at Kushiro array site.
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Fig. 6 Observed Fourier spectra (line traces) of the horizontal components at Kushiro vertical array site compared with
simulated Fourier spectra (dashed traces) (a) Vs-PS and (b) Vs-Noonv.
~.><
~..
1
-----1
r----'
- - - -Ys-N(conv.)
---Ys-PS
Vs (m's)
400 600 800 1000 1200
~=,)
L_,_
_~'::'1.:: .:: .:: .:: ......_ __.---'
l_....._-_-_-_-_-_-_
r.=:...-'- - - -.....~-....
L
I
JI ,Ys-N(int)
L , _
,----
l=~:::=~~ -.
r~
i
L~
200
~ ~~~ace rf<~.1 Fill soil i=:-j SiltEI aay~ Sand
~ Sandy soil~ Gravel~ Gravelly soil rn Rock
50
60
10
20
I
'K
Q) 300
-.J
ci
40
1000
,.
- .. ··0" 0":'- .--"~
.... - ...
---".".-. -.;. -~ -:: .
-.- ... -.-.-.".".-... - .. -.
- ..... -
(SPT) N-value
10
,'-
- __ -.-.'."o"••. _
.------- '.0.
o
o
10
50
60
20
I
R
Q) 300
-.J
<.9
40
Fig. 7 Converted SPT N-values at Naha array site. Fig. 8 Estimated shear wave velocity profIles at Naha array site.
3.2. Naha array site
This site is characterized by intercalations of sand,
gravel, and basement rock (Fig. 2b), and thin layers of clay
and silt are also present. The Neonv. model adopted during
linear calculation is shown in Fig, 7,
The observed peak ground acceleration of the EW
component is 4.5 cm/s 2 , whereas the peak ground
accelerations from the motions calculated llsing Vs-PS, Vs-
Neonv .' and the shear wave velocity model estimated from
saturated N-values (Vs-NinJ (Fig. 8) are ll.l, 7.3, and 4.5
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cm/s2, respectively (Fjg. 9). For the NS component, the
observed peak ground acceleration is 4.5 cm/s2, whereas
the peak ground accelerations from the motions calculated
using the Vs-PS, Vs-Nconv ' and Vs-Nint models are 9.0, 4.5,
and 5.0 cm/s2, respectively (Fig. 9).
The manually selected S-waves onset time for the
observed surface horizontal components is 2.2 seconds.
Therefore, the data time window that was selected for the
Fourier spectra analysis starts from 2.00 sec. to 22.48 sec.
considering the possible errors in the manual selection as
the S-waves onset time. The Fourier spectra calculated
using the Vs-PS model for both EW and NS components
overestimate the observed Fourier spectra in the frequency
band of 4 - 9 Hz and do not fit the observed Fourier
spectra at frequencies >25 Hz (Fig. lOa). The Fourier
spectra calculated using the Vs-Nint model are in good
agreement with the observed spectra, whereas the Fourier
spectra of the NS component calculated using the Vs-Nconv.
model underestimate the observed Fourier spectra at
frequencies >2 Hz and do not fit the observed Fourier
spectra at frequencies < 2 Hz and> 6 Hz for the EW
component, as shown in Figs. 10(b) and 10(c). The
estimated shear wave velocity structures are shown in Fig.
8.
3.3. Toyama array site
This site is composed of sand layers that are
intercalated with silt layers (Fig. 2c). There are two gravel
layers at the top and the bottom of the soil column. The
Nconv model adopted during linear calculation is shown in
Fig. 11.
The observed peak ground acceleration of the EW
component is 26.7 cm/s 2 , whereas the peak ground
accelerations from the motions calculated using Vs-PS and
Vs-Nconv . models (Fig. 12) are 47.8 and 29.4 cm/s 2 ,
respectively (Fig. 13). For the NS component, the observed
peak ground acceleration is 26.7 cm/s2 , while the peak
ground accelerations from the motions calculated using the
Vs- PSand Vs-Nconv models are 37.4 and 21.6 cm/s 2 ,
respectively (Fig. 13).
The manually selected S-waves onset time for the
observed surface horizontal components is 5.02 seconds.
Therefore, the data time window that was selected for the
Fourier spectra analysis starts from 4.80 sec. to 15.04 sec.
considering the possible eITors in the manual selection of
the S-waves onset time. The Fourier spectra calculated
using the Vs-PS model for both the EW and NS
components overestimate the observed Fourier spectra at
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Fig. 10 Observed Fourier spectra (line traces) of the horizontal components at Naha vertical aITay site compared with
simulated Fourier spectra (dashed lJ'aces) using (a) Vs-PS, (b) Vs-N;nt and (c) Vs-Nconv.
frequencies> 10Hz (Fig. 14a). The Fourier spectra
calculated using the Vs-Neonv model are in good agreement
with the observed spectra, except for a somewhat poor fit
at the frequency band between 7 - 9 Hz, as shown in Figs.
l4(b) and l4(c). The estimated shear wave velocity
structures are shown in Fig. 12.
3.4. Nagoya-sorami array site
The lithology of this soil column is composed of
intercalated sand and silt layers (Fig. 2d). There is a gravel
layer at the deep zone of the soil column. The Neonv. model
adopted during linear calculation is shown in Fig. 15.
The observed peak ground acceleration of the EW
component is 68.7 cm/s 2 , whereas the peak ground
accelerations from the motions calculated using the Vs-PS
and Vs-Neonv. models (Fig. 16) are 36.2 and 36.4 cm/s2,
respectively (Fig. 17). For the NS component, the observed
peak ground acceleration is 31.9 cm/s2, whereas the peak
ground accelerations from the motions calculated using the
Vs-PS and Vs-Neollv , models are 26.2 and 26.4 cm/s 2 ,
respecti vely (Fig. 17).
The manually selected S-waves onset time for the
observed surface horizontal components is 3.2 seconds.
Therefore, the data time window that was selected for the
Fourier spectra analysis starts from 3.0 sec. to 13.24 sec.
considering the possible errors in the manual selection of
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Fig. 17 Simulation of horizontal components acceleration waveforms at Nagoya-sorami vertical array site using Vs-PS as in
(a) and (c), and using Vs-Nconv as in (b) and (d).
the S-waves onset time. The Fourier spectra calculated
using the Vs-PS model for both the EW and NS
components underestimate the observed Fourier spectra at
frequencies <10 Hz (Fig. 18a). Both the EW and NS
components of the Fourier spectra calculated using the Vs-
Nconv model are in good agreement with the observed
spectra at frequencies <10Hz, but do not fit the observed
Fourier spectra due to a slight overestimation at
frequencies >10 Hz, as shown in Figs. 18(b) and 18(c). The
estimated shear wave velocity structures are shown in Fig.
16.
3.5. Akita array site
The lithology of the soil column at the Akita borehole
is composed of intercalated sand and gravel layers (Fig.
2e). The Nconv . model adopted during linear calculation is
shown in Fig. 19.
The observed peak ground acceleration of the EW
component is 123.8 cm/s 2 , whereas the peak ground
accelerations from the motions calculated using the Vs-PS
and Vs-Nconv models (Fig. 20) are 101.5 and 117.5 cm/s2,
respectively (Fig. 21). For the NS component, the observed
peak ground acceleration is 68.6 cm/s2, whereas the peak
ground accelerations from the motions calculated using the
Vs-PS and Vs-Nconv models are 15.1 and 27.0 cm/s 2 ,
respectively (Fig. 21).
The manually selected S-waves onset time for the
observed surface horizontal components is 4.8 seconds.
Therefore, the data time window that was selected for the
Fourier spectra analysis starts from 4.60 sec. to 9.72 sec.
considering the possible errors in the manual selection of
the S-waves onset time. The Fourier spectra calculated
using the Vs-PS and Vs-Nconv models are in good
agreement with the observed spectra at frequencies <10 Hz
for the EW component, but overestimate the observed
Fourier spectra at frequencies> 10 Hz for both the
horizontal components (Fig. 22). For the NS component,
the Fourier spectra calculated using the Vs-PS model
underestimate the observed spectra between 4 - 15 Hz
(Fig. 22a). The estimated shear wave velocity structures
are shown in Fig. 20.
4. Discussion
The reliability of the shear wave velocity structures at
five vertical seismic array sites in Japan have been
examined through comparisons of the observed ground
motions and the calculated motions that resulted from the
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nu merical analysis using the input parameters of the Vs-PS
and Vs-Nconv. models. At Naha and Toyama array sites, the
horizontal motions calculated using the Vs-PS models
overestimate and do not fit the seismic phases of the
observed motions, whereas the motions calculated using
the Vs-Nconv. model match well the observed motions with
respect to amplitude, fitting seismic phases arrivals, and
frequency. At the Kushiro and Akita array sites, the
horizontal motions calculated using the Vs-PS models
underestimate and do not fit the seismic phases of the
observed motions. At the Nagoya-sorami array site, the
motions calculated using the Vs-PS and Vs-Nconv. models
are simjlar to each other and cannot reproduce the observed
motions.
From comparisons in the frequency domain, we can
interpret the effects of the different lithological layers on
the calculated motions. The fundamental frequency is
determined as follows:
F=~ (4)
4*H
where F is the fundamental frequency, Vs is the shear wave
velocity, and H is the thickness of the layer. This rule
could be applied in cases of the presence of high shear
wave velocity impedance between the layers. For example,
the Vs-PS and Vs-Nconv . models have high impedance
between the inter-layers in the soil column at the Naha
array site. Therefore, the overestimation in the calculated
Fourier spectra at the Naha site using the Vs-PS profiles at
the 4 - 7 Hz and 20 - 30 Hz frequency bands could be
attributed to the fundamental frequency of layers at depths
of between 0 m and 3 m and 44 m and 54 m, respectively.
The underestimation in the calculated Fourier spectra at the
Naha site using the Vs-Nconv profiles at the 20 - 30 Hz
frequency band could be attributed to the fundamental
frequency of layers at depths of between 14.8 m and 17.8
m, 21.6 m and 24.8 m, and 54 m and 58.55 m. It is
worthwhile to point out that the shear wave velocity
contrast between Vs-PS and Vs-N(SPT) at the Naha array
site decreases with increasing depth, which indicates that
the overburden pressure plays an important role in the
mechanical performance of the borehole.
Generally, the Vs-PS and Vs-N(SPT) models are very
close to each other at fine grain formations. For coarse
grain formations, such as gravel, a very clear Vs contrast
appears, but this should be investigated on a case-by-case
basis. For instance, at the Naha array and Toyama array
sites the Vs-PS model tends to overestimate the amplitude
in the time domain, as compared with the results obtained
using the Vs-N(SPT) model. The contrast is very high at
Naha array site. In contrast, at the Kushiro array, Nagoya-
sorami array, and Akita array sites, the Vs-PS model tends
to underesti mate the amplitude in the time domain, as
compared with the results obtained using the Vs-N(SPT)
model. This unstable Vs contrast at coarse grain formations
(i.e. gravels and sands) could be attributed to the different
composition and inter-structure of these formations.
Among all of the Vs-N(SPT) relationships shown in
Table I, only one Vs-N(SPT) relationship at each site is
chosen to represent the best estimation of the most suitable
shear wave velocity model, through achieving better
agreement between the observed and calculated motions.
At the Kushiro, Toyama and Nagoya-sorami array sites,
the Vs-N(SPT) relationship of Pathak et a1. (2000)
represents the best estimation of the most suitable shear
wave velocity model. In contrast, at the Naha and Akita
array sites, the representati ve Vs-N(SPT) relationships of
Okamota. et al. (I989) and Lo Presti and Lai (1989),
respectively, were selected. This could be attributed to two
reasons. First, the reliability of the Vs-N(SPT) relationship
varies with the investigated site. Second, the limitations for
each Vs-N(SPT) relationship, such as the maximum value
of the N-value, the maximum value of shear wave velocity
>1,000 mis, and the limited depth.
There is a clear coherency between N-value soil
profile and the soil column lithology, whereas the shear
wave velocity profile does not show any coherency with
the soil column lithology, such as that at the Kushiro array,
Nagoya-sorami array, and Toyama alTay sites. This could
be attributed to the uncontrolled mechanical performance
of the borehole during PS logging measurements.
Note that at some sites, the consistency of the
numerical site response results with the recorded motions
using the Vs-N(SPT) relationships requires the initial N-
values, whereas others require the converted N-values. For
instance, at the Naha array site, the initial N-values provide
better results than the converted N-values in the Vs-N(SPT)
relationships. This could be attributed to a number of
reasons. First is the overestimation in the linear conversion
of N-values greater than SO. Second, the limitations of the
Vs-N(SPT) relationship such as the maximum N-value, the
maximum shear wave velocity> 1,000 mis, and the limited
depth. At the Naha site, PS Jogging measurements indicate
that some layers have a Vs of 1,000 m/s. Third, the
converted N-value may not be overestimated, but the Vs-
N(SPT) relationship has a limited maximum N-value, so
that the estimated Vs is not appropriate. This is a result of
the high dependency of finite element simulation on an
appropriate shear wave velocity model. At the other sites,
the results of using Vs from both approaches are the same.
At frequencies above 10 Hz, the frequency domain results
at the Naha and Nagoya-sorami array sites are highly
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underestimated and highly overestimated, respectively.
5. Conclusions
From the above-described analysis, we can conclude
the following:
l. The numerical results in the time and frequency domains
suggest that using the input shear wave velocity models
estimated from the Vs-N(SPT) relationships can
reproduce the calculated motions and match well the
observed motions, whereas using the Vs-PS models as
input parameters in numerical modeling yields
misleading site response results.
2. The shear wave velocity contrast between Vs-PS and Vs-
N(SPT) at the Naha array site decreases with increasing
depth, indicating that the overburden pressure plays an
important role in the mechanical performance of the
borehole.
3. The shear wave velocity contrast between the Vs-PS and
Vs-N(SPT) models varies depending on different
lithological formations.
4. Due to limitations in each Vs-N(SPT) relationship, such
as the maximum N-value, the maximum shear wave
velocity> 1,000 mis, and the limited depth, the reliability
of the Vs-N(SPT) relationship should be investigated
before being applied.
5. During PS measurements, uncontrolled mechanical
performance of the borehole, such as collapse of the
gravel layers, can cause nlisleading values for the correct
shear wave velocity. Therefore, lithological layers that
have misestimating Vs-PS appear to be inconsistent with
their N-values that estimated directly during drilling.
Ideally, additional analyses of other downhole seisrnic
array sites should be conducted for a wide range of ground
motions that are sufficient to provide statistically
significant response parameters. Such analyses should take
into account the variety of lithological formations. These
new data would be crucial in providing more robust
validation for the reliability of shear wave velocity profiles
obtained from a number of methods, such as PS logging
measurements and Vs-N(SPT) relationships, for different
site conditions. However, the present results indicate that
site response analyses should take into account the
reliability of the shear wave velocity estimated using
different approaches.
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